One-sentence summary: Strigolactone hormones signal through a specific receptor to induce particular responses in Arabidopsis while their stereoisomers induce different responses by signalling through a closely related receptor which also perceives karrikins from wildfires. analogues, AtD14 mediates strigolactone but not karrikin responses. To further determine the specificity of these proteins, we assessed the ability of naturally occurring deoxystrigolactones (deoxySLs) to inhibit Arabidopsis hypocotyl elongation, regulate seedling gene expression, suppress outgrowth of secondary inflorescences, and promote seed germination. Neither 5-deoxystrigol nor 4-deoxyorobanchol was active in KAI2-dependent seed germination or hypocotyl elongation, but both were active in AtD14-dependent hypocotyl elongation and secondary shoot growth. However, the nonnatural enantiomer of 5-deoxystrigol was active through KAI2 in growth and gene expression assays.
analogues, AtD14 mediates strigolactone but not karrikin responses. To further determine the specificity of these proteins, we assessed the ability of naturally occurring deoxystrigolactones (deoxySLs) to inhibit Arabidopsis hypocotyl elongation, regulate seedling gene expression, suppress outgrowth of secondary inflorescences, and promote seed germination. Neither 5-deoxystrigol nor 4-deoxyorobanchol was active in KAI2-dependent seed germination or hypocotyl elongation, but both were active in AtD14-dependent hypocotyl elongation and secondary shoot growth. However, the nonnatural enantiomer of 5-deoxystrigol was active through KAI2 in growth and gene expression assays.
We found that the four stereoisomers of the strigolactone analogue GR24 had similar activities to their deoxySL counterparts. The results suggest that AtD14 and KAI2 exhibit selectivity towards the butenolide D-ring in the 2′R and 2′S configurations, respectively. However, we found that for CNdebranone, a simple strigolactone analogue, the 2′R configuration is inactive but the 2′S configuration is active through both AtD14 and KAI2. Our results support the conclusion that KAI2-dependent signalling does not respond to canonical strigolactones. Furthermore, racemic mixtures of chemicallysynthesised strigolactones and their analogues such as GR24 should be used with caution since they can activate responses that are not specific to naturally occurring strigolactones. In contrast, the use of specific stereoisomers might provide valuable information about the specific perception systems operating in different plant tissues, in parasitic weed seeds and in arbuscular mycorrhizae. Strigolactones (SLs) are carotenoid-derived phytohormones that mediate various aspects of plant development in addition to symbiotic and parasitic interactions in the rhizosphere. Originally identified as seed germination stimulants of root-parasitic weeds (Cook et al., 1966; Cook et al., 1972) , SLs have now been implicated in several processes including the inhibition of bud outgrowth to decrease shoot branching, regulation of leaf morphology, regulation of root architecture, control of secondary growth in the cambium, and association of plant roots with symbiotic fungi and nodulating bacteria (for recent reviews, see (Brewer et al., 2013; Waldie et al., 2014) .
The isolation of several mutants in pea (rms), rice (d), petunia (dad) and Arabidopsis (max) that exhibit dwarfism and an increased number of secondary shoots or tillers has enabled the identification of genes involved in four steps in SL biosynthesis and a further three involved in signal transduction. The initial step of SL biosynthesis involves the conversion of all-trans-β-carotene into 9-cis-β-carotene by the isomerase D27. The sequential cleavage of the D27 product by two carotenoid cleavage dioxygenases, CCD7 (also known as RMS5, D17, DAD3 and MAX3) and CCD8 (RMS1, D10, DAD1 and MAX4), results in the formation of an intermediate, carlactone (Alder et al., 2012) . A cytochrome P450, originally identified in Arabidopsis as MAX1 (Booker et al., 2005) , is necessary for the conversion of carlactone into functional SLs (Scaffidi et al., 2013; Seto et al., 2014) .
The components required for SL signal transduction include an α /β-fold hydrolase (known as D14, DAD2 or AtD14), an F-box protein (RMS4, D3 or MAX2) and a protein (D53) with similarity to Clp 5 ATPases and heat shock proteins. In Arabidopsis and rice, both d14 and max2 (d3) mutants exhibit increased numbers of secondary shoots, a phenotype similar to that of SL biosynthetic mutants (Brewer et al., 2013; Waldie et al., 2014) . The rice d53 mutant also has multiple secondary shoots (Jiang et al., 2013; Zhou et al., 2013) . However, the shoot phenotypes of d14, max2 (d3) and d53 are unresponsive to the application of exogenous SLs, confirming a role for these proteins in SL signal transduction.
D14/DAD2 is a globular protein with enzymatic activity that depends upon a Ser-Asp-His catalytic triad located at the bottom of a hydrophobic active site cavity. The catalytic triad is essential for SL signalling and for yeast two-hybrid interaction of D14/DAD2 with MAX2 (Hamiaux et al., 2012) and with D53 (Jiang et al., 2013; Zhou et al., 2013) . Based on recent X-ray structural data that reveals the hydrolysed D-ring of the synthetic SL GR24 bound to the catalytic serine (Zhao et al., 2013) , D14 is proposed to cleave the ABC-and D-rings by direct nucleophilic attack on the butenolide carbonyl moiety (Scaffidi et al., 2012) to result in a change in D14 protein tertiary structure. This change, perhaps coupled with a SL degradation product located at the cavity opening, is assumed to modulate protein-protein interactions (Hamiaux et al., 2012; Nakamura et al., 2013; Zhao et al., 2013) . The subsequent step in SL signalling in rice shoots is the ubiquitination and degradation of D53. This protein is thought to promote expression of genes leading to the growth of secondary shoots (Jiang et al., 2013; Zhou et al., 2013) . A further report provides evidence that D14 and SL together stimulate the MAX2-dependent ubiquitination and degradation of the transcriptional regulator BES1, which is a key component of brassinosteroid signalling in Arabidopsis (Wang et al., 2013 ). Yet another report provides evidence that D14 exhibits SL-dependent interaction with the rice transcriptional regulator protein SLR1, which also mediates responses to gibberellins (Nakamura et al., 2013) . Therefore, SL 6 signal transduction is profoundly important in the control of plant growth, development and productivity .   N  o  m  e  n  c  l  a  t  u  r  e  o  f  s  t  r  i  g  o  l  a  c  t  o  n  e  s  t  e  r  e  o  i  s  o  m  e  r  s All naturally occurring SLs share a unique core structure comprising an ABC-ring system linked to a 2′R configured butenolide D-ring. It has been proposed that only a few steps are needed to convert carlactone into the simplest SL, 5-deoxystrigol (5DS) (Alder et al., 2012) . As a result, 5DS was thought to be the precursor from which all SLs are derived; however, the recent structural amendment of (−)-orobanchol has required a revision of this theory (Ueno et al., 2011; Vurro and Yoneyama, 2012) . It is now clear that SLs are divided into two distinct classes, one defined by (+)-strigol and the other by (−)-orobanchol (Xie et al., 2013) . These two classes differ by having opposite stereochemistry at the BCring junction to give diastereomers with the same 2′R D-ring configuration ( Figure 1A ). Strigolactone nomenclature has adopted the use of ent as an abbreviation for enantiomer (meaning mirror image) and epi for epimer (meaning the opposite stereochemistry at one carbon). This notation is only applicable when referenced back to a parent structure, which has caused some confusion in recent years given the reclassification of SLs into two families. To resolve this issue, we propose that SLs should be referenced back to their parent scaffold. In the case of (+)-strigol, 5-deoxystrigol is a suitable reference compound, and for (−)-orobanchol, 4-deoxyorobanchol (ent-2′-epi-5DS) is an appropriate reference.
Both of these deoxystrigolactones (deoxySLs) have been identified from root exudates of rice and tobacco (Xie et al., 2013) . We suggest the name 4-deoxyorobanchol (4DO) as a reference structure in its own right, replacing the confusing strigol-derived name of ent-2′-epi-5DS. Furthermore, we have chosen to refrain from using optical notation, as these descriptors offer no information on the spatial arrangement of substituents attached to the chiral centres within the compound.
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This classification system for natural SLs is also helpful when considering the stereochemistry of SL analogues, such as GR24. This synthetic SL analogue is commonly used as a racemic mixture of two 5DS-configured enantiomers and can be referenced back to their deoxySL counterparts: GR24 5DS and GR24
ent-5DS
. For the purpose of the present work, we refer to an equimolar mixture of these compounds as rac-GR24. The chemical synthesis of GR24 also generates two 4DO-like enantiomers (GR24 4DO and GR24 ent-4DO ), however these compounds are typically not used in biological assays (Mangnus et al., 1992) . Nevertheless, these enantiomers can serve as synthetic equivalents of the orobanchol class of natural SLs. A reference guide for all structures and synonyms is presented in Figure 1 . 
5DS
, show the greatest activity towards stimulating germination of Striga hermonthica seed, with their enantiomers inducing a lower response (Thuring et al., 1997; Sugimoto et al., 1998; Nomura et al., 2013; Zwanenburg and Pospisil, 2013) . However, germination in Striga gesnerioides is inhibited by isomers that promote germination in S. hermonthica, and are stimulated by orobanchol-type analogues (Nomura et al., 2013) . Interestingly, S. gesnerioides can also respond to SL analogues possessing the non-natural S-configured D-ring (Nomura et al., 2013) . The general preference for natural configured isomers also holds true for hyphal branching and in this case, orobanchol derivatives display the greatest level of activity (Akiyama et al., 2010) . Recently, ent-2′-epi-GR7, which has the same stereochemistry as orobanchol, was reported to inhibit the outgrowth of the second tiller in rice more effectively than ent-8 GR7, which has an non-natural D-ring configuration (Nakamura et al., 2013) . These results suggest analogues with stereochemistry similar to those of natural SLs often return the highest activity.
However, the differing biological systems employed in these studies make direct comparisons between similar compounds difficult.
Related to SLs are the abiotic signals known as karrikins (KARs), which are found in plant-derived smoke (Flematti et al., 2004) . Although achiral, they share a 3-methyl substituted butenolide ring in common with SLs, and can promote the germination of various plant species from around the world (Nelson et al., 2012; Waters et al., 2013) . Unlike SLs, KARs do not promote the germination of parasitic weed seeds or inhibit shoot branching (Nelson et al., 2011) . The KAR signalling pathway has been partially resolved by the identification of a paralogue of AtD14 in Arabidopsis known as KAI2 (Waters et al., 2012a) , and SUPPRESSOR OF MAX2 1 (SMAX1), an Arabidopsis homologue of rice D53 (Stanga et al., 2013) . Like AtD14, KAI2 possesses an essential conserved catalytic triad within a hydrophobic cavity (Waters et al., 2014) , and the overall structures of both proteins are generally very similar (Bythell-Douglas et al., 2013; Kagiyama et al., 2013; Zhao et al., 2013) . Nonetheless, there is a clear distinction between KAI2 and AtD14 function: while the former mediates seed and seedling development, the latter is involved in post-juvenile development, most notably axillary or secondary bud outgrowth. Similarly, SMAX1 is required for KAR responses and seedling development but not for secondary shoot growth in Arabidopsis (Stanga et al., 2013) .
Unlike Atd14 and SL biosynthetic mutants, the kai2 mutant exhibits increased seed dormancy and abnormal seedling photomorphogenesis, suggesting that these processes are under the control of a novel signal independent from the canonical SL pathway (Waters et al., 2012a) . Additionally, 9 exogenously supplied carlactone is a very weak inhibitor of hypocotyl elongation in Arabidopsis, further suggesting that natural SLs are not physiologically relevant during seedling establishment (Scaffidi et al., 2013) . Interestingly, rac-GR24 is able to effect the light-dependent inhibition of hypocotyl elongation in both a KAI2-dependent and an AtD14-dependent manner, showing that rac-GR24 can signal through both proteins (Waters et al., 2012a) . One interpretation of this result is that the GR24 ent-5DS component of rac-GR24, representing the stereochemistry of the non-natural SL ent-5DS, may have activity distinct from that of GR24
. To test this possibility, we evaluated endogenous SLs, their non-natural enantiomers, and their GR24 counterparts for their ability to regulate hypocotyl elongation, gene expression levels, shoot branching and seed germination in
Previously, we have exploited Arabidopsis genetics and the growth of seedling hypocotyls to dissect the relative contributions of KAI2 and AtD14 in response to butenolide-containing compounds (Waters et al., 2012a; Waters et al., 2012b; Scaffidi et al., 2013) . Unlike AtD14, KAI2 is essential for normal hypocotyl growth and for responses to KARs. Although not required for early development, AtD14 is still present in seedlings and similar to KAI2, can mediate responses to rac-GR24. Since rac-GR24 can signal through both KAI2 and AtD14, we hypothesised that this might reflect specificity for distinct enantiomers both present in rac-GR24. Alternatively, the activity of rac-GR24 upon seedlings might result from the synthetic nature of the compound, which may be different to the activity observed with naturally-occuring strigolactones. To investigate these possibilities, first we chemically synthesised two naturally-occurring deoxySLs, 5DS and 4DO, along with their non-natural enantiomers ent-5DS and ent-4DO and separated all four stereoisomers (Supplementary Fig. 1 and 2) . We assessed the bioactivity of each stereoisomer in hypocotyl elongation assays with Col-0 wild type, Atd14-1, kai2-2 and Atd14 kai2 double mutants. Wild type seedlings exhibited substantial responses to all four stereoisomers, although the response to ent-4DO was less than the response to the other three ( Figure   2A ). Whereas Atd14 showed the strongest response to ent-5DS and weak but significant responses to 4DO and ent-4DO, kai2 exhibited significant inhibition of hypocotyl growth on 5DS and 4DO. Atd14 kai2 double mutants were insensitive to all four stereoisomers, demonstrating that KAI2 and AtD14 α /β-fold hydrolases together account for all activity (Figure 2A ). These findings confirm that exogenously applied deoxySLs are regulators of hypocotyl development. In addition, we infer that AtD14 and KAI2 exhibit specificity towards different stereoisomers of deoxySLs: AtD14 preferentially mediates responses to natural 5DS and 4DO isomers, and KAI2 to the non-natural isomer ent-5DS.
Next, we investigated whether these stereoisomer-specific responses to deoxySLs were also reflected among the stereoisomers of GR24. Once again, wild type seedlings responded strongly to all GR24 stereoisomers except GR24 ent-4DO ( Figure 2B ). Atd14-1 mutants showed a significant response only to
, while kai2-2 responded to GR24 5DS and GR24 4DO ( Figure 2B ). Notably, the relative strength of the response of kai2 to GR24 5DS and GR24 4DO is the same as the response of Col-0, and the same as for the equivalently configured deoxySLs (5DS and 4DO). Atd14 kai2 double mutants were again insensitive to all four GR24 stereoisomers. Thus, the broad pattern of response is similar between the various stereoisomers of GR24 and their deoxySL equivalents, supporting the interpretation that AtD14 and KAI2 exhibit substrate stereoselectivity.
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A difference between the 5DS and ent-5DS enantiomers is the C2′ configuration of the D-ring ( Figure   1 ). The 2′R-configured isomer (5DS) signals preferentially through AtD14, and the 2′S-isomer (ent-5DS) through KAI2. To test whether it is the configuration of the D-ring that determines the specificity of AtD14 and KAI2 for specific substrates, we separated the two stereoisomers of CN-debranone, a simple bioactive SL analogue with only one chiral centre located at the D-ring (Fukui et al., 2011) . The absolute stereochemistry of the two R-and S-CN-debranone enantiomers, were established by singlecrystal X-ray diffraction experiments (Supplementary Fig. 3 and Table S2 ). We evaluated the relative impacts of R-and S-CN-debranone upon hypocotyl growth. Surprisingly, only the S-configured compound showed any activity, and this was the case in both Atd14 and kai2 mutants, while the Atd14 kai2 double mutant was again completely unresponsive ( Figure 2C ). Thus, S-CN-debranone acts through both AtD14 and KAI2, and implies that chirality at the C2′ position alone is insufficient to account for substrate specificity of AtD14 versus KAI2. Nevertheless, these data further demonstrate that stereochemistry is an important determinant of bioactivity. seedlings, correlates with their effectiveness in inhibiting hypocotyl elongation. As expected, Atd14 kai2 double mutants did not respond to any of the four stereoisomers tested (Figure 3 ).
Substantial differences in transcript responses to the four stereoisomers between Atd14 and kai2 mutants were discernible. Responses of all four transcripts to 5DS and 4DO -especially DLK2, IAA5
and IAA6 -were substantially weakened in Atd14, but were mostly normal in kai2 (Figure 3 ).
Conversely, responses to ent-5DS and ent-4DO were dramatically suppressed in kai2 mutants, but much less so in Atd14 mutants. Although there was some overlap between AtD14-and KAI2-mediated responses (e.g. IAA5 and IAA6 transcripts were still substantially repressed in kai2 mutants treated with ent-5DS and ent-4DO), overall these data support a broad division in substrate preferences between AtD14 and KAI2, and corroborate the hypocotyl elongation data above. Specifically, AtD14 is most active towards naturally configured SLs (5DS and 4DO), whereas KAI2 preferentially mediates responses to their non-natural enantiomers, especially ent-5DS.
Inhibition of outgrowth of secondary branches arising from the rosette requires AtD14 but not KAI2, and so we investigated whether SL stereochemistry also affects branching in the SL-deficient mutant max3-9 and the SL-insensitive mutant Atd14-1, both of which display enhanced numbers of inflorescences relative to wild type. All four GR24 stereoisomers and their equivalent deoxySL stereoisomers repressed shoot branching in max3, but not in Atd14, confirming that their activity was AtD14-dependent ( Figure 4 ). However, among the four deoxySL stereoisomers, 5DS exhibited significantly more activity than 4DO, and both were more active than their respective enantiomers. The pattern of activity observed for deoxySLs was repeated among the four GR24 stereoisomers: in particular, GR24 5DS was more active than GR24 4DO , and both were more active than their enantiomers (Figure 4) . Notably, both 5DS and GR24 5DS were able to fully restore the max3 branching phenotype to wild type levels.
There was a dramatic difference in activity between the two CN-debranone stereoisomers. The Sconfigured debranone was as active as 5DS and GR24 5DS (which have R-configured D-rings), however in this case, the R-isomer was also active albeit at lower levels but equivalent to ent-5DS and GR24 controls ( Figure 5A ). Consistent with this observation, GR24 ent-5DS was the only GR24 isomer to promote germination and it was comparable to KAR 1 ( Figure 5B ). The difference in effectiveness of ent-5DS and GR24 ent-5DS may reflect differences in chemical stability under the elevated temperature and pH conditions of the germination assay (neutral pH, 28 °C) (Akiyama et al., 2010) , because in hypocotyl assays (pH 5.9 and 21±1 °C) and branching (pH 5.9 and 22 °C day / 16 °C night, with media replaced every three days once treatment commenced), these two isomers are broadly equivalent (Figures 2, 3 and 4) . We also tested the two CN-debranone isomers, and only the S-isomer was active in promoting seed germination ( Figure 5C ), consistent with its activity in hypocotyl elongation assays. deoxySL stereoisomers were active at 10 nM, with 4DO the most active and its enantiomer the least active, indicating that the D-ring configuration is non-critical for promoting O. minor seed germination.
This result was confirmed with both CN-debranone stereoisomers, both of which are equally active but only at the highest concentration (Figure 6 ). We conclude that the stereo-selectivity of S. hermonthica and O. minor towards deoxySLs are quite different to each other, and different again to that of Arabidopsis. Thus we are not able to draw any conclusions from this evidence alone, about whether KAI2-type or D14-type proteins are preferentially active in the seeds of these parasitic plants.
In this study, we examined multiple physiological traits within a single plant species to elucidate the activity of two natural deoxySLs and their enantiomers, plus four GR24 and two debranone stereoisomers. Stereochemistry emerges as a significant determinant of SL activity, and differences in activity can now be linked to signalling through specific receptor proteins. In general, AtD14 mediates those traits that are known to be regulated by canonical 2′R-configured SLs, such as shoot branching.
The surprising observation that non-natural SL enantiomers with 2′S-configured butenolide rings are also active, but primarily through KAI2, raises the question of whether similar compounds are made by plants as signalling molecules. If plants do produce these precise SL enantiomers, they must do so at extremely low levels, because one would expect these to co-purify with the canonical SLs and no such stereoisomeric mixtures have been described to date. The relatively weak response of Arabidopsis hypocotyl growth and seedling gene expression to the ent-4DO configuration compared with ent-5DS (Figures 2 and 3) demonstrates that subtle changes in substrate chirality (in this case at the junction of B and C rings) can dramatically affect KAI2 activity. A number of observations indicate that the substrate stereo-selectivity of AtD14 is not absolute. Firstly, ent-5DS and ent-4DO exhibit relatively weak but significant AtD14-dependent activity as inhibitors of shoot branching (Figure 4) . Secondly, R-CN-debranone is entirely inactive in seedlings, and thus cannot operate through AtD14 at this stage of development, but does exhibit some AtD14-dependent activity in shoot branching assays.
Since the structures of D14 and KAI2 proteins have been determined by X-ray crystallography in several separate studies, it raises the possibility that their stereo-selectivity could be explained in terms of their ability to accommodate substrates in the active site pocket. The pocket of D14 is reported to be larger than that of KAI2 but both could theoretically accommodate GR24 (Bythell-Douglas et al., 2013; Guo et al., 2013; Zhao et al., 2013) , consistent with the observed biological activity. However the position of an intact SL in the active site pocket of D14 or the exact binding of KAR in KAI2 remains unclear. In the case of deoxySLs, it is clear that D14 prefers R-configured butenolide rings and KAI2 prefers the S-configuration. The ability of S-CN-debranone to regulate both KAI2 and AtD14 function at various stages of development suggests that the ABC ring of SLs imposes a constraint to determine the preference of AtD14 for the R-configured butenolide ring. We know from studies of rice D14 that the SL butenolide must occupy a position close to the catalytic serine during catalysis (Zhao et al., 2013) , but can potentially relocate after hydrolysis (Nakamura et al., 2013) . In the case of KAI2, the positioning of KAR 1 at the opening of the active site pocket has been reported (Guo et al, 2013) , however its position is inconsistent with the required involvement of the catalytic triad in KAR response (Waters et al., 2014) . A further consideration for activity that must be taken into account is that D14 and KAI2 proteins undergo conformational change during substrate binding which is assumed to be necessary for protein partner interactions during signalling (Hamiaux et al., 2012; Guo et al., www.plantphysiol.org on July 15, 2017 -Published by Downloaded from Copyright © 2014 American Society of Plant Biologists. All rights reserved.
2013; Kagiyama et al., 2013; Nakamura et al., 2013) . It is interesting that the same stereoisomer has differing activities via the same receptor protein depending on developmental period, consistent with the possibility of different interacting partners operating in distinct tissue at various stages of development. Given such uncertainty, it is not surprising that molecular modelling of strigolactones in D14 and KAI2 proteins has produced multiple theoretical solutions and therefore failed to provide us with an explanation for the discrimination of stereoisomers by D14 and KAI2.
Strigolactone signalling is thought to depend on the formation of a complex between the D14 α /β-fold hydrolase and MAX2 to trigger the ubiquitin-mediated degradation of target proteins (Hamiaux et al., 2012; Waters et al., 2013) . In rice, D53 is a member of a family of nine closely-related proteins and has been identified as a target protein for SL-dependent degradation (Jiang et al., 2013; Zhou et al., 2013) .
In rice, the transcriptional regulator FC1 is necessary for SL-dependent control of secondary shoot More recently it has been reported that upon hydrolysis of rac-GR24, rice D14 interacts directly with gibberellin signalling protein SLR1, and undergoes conformational change (Nakamura et al., 2013 ).
Yet another study shows that AtD14 and rac-GR24 together stimulate the direct interaction of MAX2 with brassinosteroid signalling protein BES1, triggering its ubiquitination and destruction (Wang et al., 2013 have a normal seedling phenotype (Shen et al., 2012; Flematti et al., 2013; Scaffidi et al., 2013) .
However, the rice SL-deficient mutants d10, d17 and d27 have elongated mesocotyls when grown in darkness, a phenotype that can be rescued with exogenous rac-GR24 (Hu et al., 2010) . This phenotype is also shared with rice d14 mutants. Thus, in at least one monocot system, endogenous SLs seem to have a role in development of juvenile plants. It is possible that the absence of a role for SLs in Arabidopsis seedlings reflects the anatomical distinction between the hypocotyl in epigeal dicots and the mesocotyl of monocots. In Arabidopsis, the cells that comprise the hypocotyl are established in the embryo, and cell expansion is responsible for post-germination elongation (Gendreau et al., 1997) . In contrast, rice mesocotyls elongate, at least in part, via substantive cell division after germination (Hu et al., 2010) . Strigolactones appear to affect rice mesocotyl growth through cell division rather than cell expansion, likely by promoting expression of the TCP transcription factor OsTCP5 (Hu et al., 2010). In pea, SLs affect internode growth by controlling cell number rather than length (de Saint Germain et al., 2013) , and SLs promote cell division in the cambium to promote secondary growth (Agusti et al., 2011) . Thus in rice, SLs may have been recruited to regulate cell division as a means to modulate seedling growth, but no such role is apparent in Arabidopsis. Nevertheless, it is still possible that a KAI2-based system for regulating seed germination and seedling development exists in rice, evidence for which is currently lacking. In the absence of genetic evidence, the effects of non-natural SL enantiomers may be useful for inferring KAI2-based activity in species such as rice.
Genetic evidence indicates that KAI2, but not AtD14, is required for normal seed germination in Arabidopsis, and KAI2 transcripts are much more abundant in Arabidopsis seeds than AtD14 transcripts carlactone and/or carlactone-derived SLs cannot promote Arabidopsis seed germination: the relevant receptor is presumably not present in the seed. However, Striga parasitic weed seeds are extremely sensitive to canonical SLs, and also respond positively to carlactone (Cook et al., 1972; Alder et al., 2012) . We now know that O. minor responds to both natural and non-natural SLs, indicating that this species has a more flexible signalling system that is not highly constrained by ligand stereochemistry.
Nevertheless, considerable specialisation towards SLs might have occurred in O. minor, because debranones are only active at high concentrations and KAR 1 (Nelson et al., 2009 ) is totally inactive.
KAI2 and D14 proteins apparently arose in seed plants by duplication of an ancestral KAI2-like gene, resulting in two conserved clades (Delaux et al., 2012; Waters et al., 2013) . While Arabidopsis uses KAI2 to control seed germination, we do not know if other taxa use KAI2 or D14 for this function. In the event that root-parasitic weed seeds have adopted a KAI2-or D14-dependent mechanism for regulating germination, there are two likely explanations for achieving specificity towards SL substrates. One possibility is that a bona fide D14 orthologue is used, which, in the case of O. minor, also confers sensitivity to ent-SLs. Alternatively, a KAI2 orthologue is used, but it has undergone selection to respond to canonical SLs with 2´R-configured D-rings, and in doing so, has lost (or failed to acquire) the capacity to respond to KARs. Whichever scenario is the case, it seems that the perception system in O. minor is relaxed somewhat relative to S. hermonthica to permit responses to
ent-SLs.
A number of open questions remain regarding the diversity and function of SLs. How do strigol and orobanchol both derive from the same carlactone precursor, but fall into two different stereochemical forms? Clearly there are differences in SL profiles between species -rice, for example, produces 
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almost exclusively orobanchol-type SLs, whereas tobacco also produces the strigol class (Xie et al., 2013 (Figures 2 and 3) . The basis and biological significance for these observations are unclear, especially considering that Arabidopsis reportedly produces both classes of SL (Kohlen et al., 2011) , although other unidentified SLs are also produced by Arabidopsis (Seto et al., 2014) . Further investigations of the identities and effects of each type of SL, in various species, will be necessary to address these issues.
In conclusion, our findings demonstrate that the stereochemistry of SLs is crucial to interpreting their activity. The subtle differences in apparent substrate specificities of KAI2 and AtD14 in just a single plant species underline the importance of comparing like-with-like when drawing specific conclusions about individual proteins and substrates. When examining the functions of SLs in diverse systems, especially when using synthetic SL analogues in the context of agriculturally relevant parasitic weeds and mychorrhizal symbioses, stereochemistry must be considered and verified. Finally, the use of rac-GR24 as a generic SL analogue requires caution in the absence of additional genetic resources, because of potential specific effects attributable to non-canonical SLs. In the same vein, we urge the use of Atd14 rather than max2 as a specific SL-insensitive mutant. 2011) were prepared as previously described. The racemic mixtures were separated into their individual enantiomers using semi-preparative high-pressure liquid chromatography performed on a HewlettPackard 1050 system fitted with an Astec ® Cellulose DMP chiral HPLC column (250 mm long, 10 mm internal diameter, 5 μm particle size). Separation was achieved for rac-GR24 using a flow rate of 3 mL/min of 3:1:1 mixture of hexane/methanol/methyl-tert-butyl ether; rac-2′-epi-GR24 using a flow rate of 2 mL/min of a 6:1:1 mixture of hexane/methanol/methyl-tert-butyl ether; rac-5-deoxystrigol and rac-4-deoxyorobanchol using a flow rate of 4 mL/min of a 6:1:1 mixture of hexane/methanol/methyltert-butyl ether; and rac-CN-debranone using a flow rate of 2.5 mL/min of a 3:2 mixture of hexane/isopropanol. All CD spectra were recorded on a Jasco J-810 spectropolarimeter in acetonitrile with stereochemistry assigned based on previous reported data ( Akiyama et al., 2010) . CD spectra of all purified stereoisomers synthesised for this study are shown in Supplementary Fig. 2 . Test compounds were added to growth media from 1,000x or 10,000x stock solutions in acetone (1-10 mM); an equivalent volume of acetone was added to untreated controls.
Chiral LC-MS was conducted with a Waters Alliance e2695 HPLC connected to a Waters LCT Premier XE time-of-flight (TOF) mass spectrometer with an atmospheric chemical ionization source (APCI). Separation was achieved with an Astec® Cellulose DMP chiral HPLC column (250 mm long, 4.6 mm internal diameter, 5 μm particle size) using a flow rate of 0.5 mL/min. For 5DS stereoisomers, separation was achieved with a 6:1:1 ratio of hexane/methanol/methyl-tert-butyl ether. For GR24 stereoisomers, separation was achieved with a 14:3:3 ratio of hexane/methanol/methyl-tert-butyl ether.
The column was held at 25ºC and sample injection volume was 5 to 20 µL. The mass spectrometer was operated in positive APCI mode. Cone and desolvation gas flows were set to 250 and 650 L·h -1 , respectively. The corona voltage was set at 3.0 kV, the source temperature at 100°C, and the desolvation temperature at 350°C.
The crystal data for R-CN-debranone and S-CN-debranone are summarized in Table S1 . Structures, in which ellipsoids have been drawn at the 50% probability level, are depicted in Supplementary Fig. 3 .
Crystallographic data for the structure were collected at 100(2) K on an Oxford Diffraction Gemini diffractometer fitted with Cu Kα radiation. Following multi-scan absorption corrections and solution by direct methods, the structure was refined against F 2 with full-matrix least-squares using the program SHELXL-97 (Sheldrick, 2008) . All hydrogen atoms were added at calculated positions and refined by use of a riding model with isotropic displacement parameters based on those of the parent atoms.
Anisotropic displacement parameters were employed throughout for the non-hydrogen atoms. CCDC and Atd14 kai2 siblings were isolated from the segregating F 2 progeny, and F 3 seed were used for experiments. Seeds of Orobanche minor were obtained from Kings Park, Perth, Western Australia.
Hypocotyl elongation assays were performed as described previously (Waters et al., 2012a comparison of transcript abundance, expression ratios were log 10 -transformed prior to ANOVA to compensate for large differences in expression level between samples, and Tukey's adjustment was used for pairwise comparisons. For germination data, percentages were arcsine-transformed prior to ANOVA. Statistical computation was performed using SAS Enterprise Guide 4.3 (www.sas.com). Seed were sown, stratified and incubated as described in Figure 2 , and RNA was isolated from whole seedlings after 4 d. Two transcripts known to respond positively to rac-GR24 (STH7 and DLK2), and two that respond negatively (IAA5 and IAA6), were measured. Target transcripts were normalised to CACS reference transcripts, and expression was scaled relative to Col-0 grown on 0.5x MS. Data are means ± SE of three biological replicates of >100 seedlings each. Asterisks denote significant differences between selected treatments as indicated (*P < 0.05; **P < 0.01, ANOVA); for clarity, not all significant differences are shown. A, molecular structure of R-CN-debranone. The chirality at C2′ was determined to be R. The Flack parameter refined to 0.0(3). B, molecular structure of S-CN-debranone. The chirality at C2′ was determined to be S. The Flack parameter refined to 0.04(17). Table S1 . Crystal data and structure refinement for CN-debranone stereoisomers. Seed were sown, stratified and incubated as described in Figure 2 , and RNA was isolated from whole seedlings after 4 d. Two transcripts known to respond positively to rac-GR24 (STH7 and DLK2), and two that respond negatively (IAA5 and IAA6), were measured. Target transcripts were normalised to CACS reference transcripts, and expression was scaled relative to Col-0 grown on 0.5x MS. Data are means ± SE of three biological replicates of >100 seedlings each. Asterisks denote significant differences between selected treatments as indicated (*P < 0.05; **P < 0.01, ANOVA); for clarity, not all significant differences are shown.
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